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PERFY3WNW3 SIM.JIATIC+JAIJ’DPRFDIc710N*
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~taticnal pr~edures usefulduring tlIe
passivemlar d?s]gnprocczsuc disrmssed,
Analysistoolsare describcd suitablefor each of
ttw three@Jscz of duf;ign: KUJes of th-mbfor
the cnnceptdevelopwmt @I.ise,quick-ancf-rlirty
techniqms for the *sign d12’/elo~r<~mt[n<]x., and
the rrrxrthly@lar load ratioret.tcd for tl]cfir~~l
design@ase. Issuesare disaxxd rcg~rdingthe
role of simulatiulanalysisdurirw the C&sign
process.

It’7fKx’Kr’l’ION—..

Passivewlar tr.wting rksignanalysisis
convenicmtlysepw~jted into two Fila:)es--rf(%ign
develo.prwntan(lfiml ri!siyn.‘lIIccuilrling
cuncepth~$ prr::’miiblyalrcudyix.wn(?SVC1OXY1
txlmdrn r’Jlc’sOf thwb WtlidIdr(’cK@Udte for
ini~ialsizing 0: solarml Iccticna:id twit.
storageeloxncmts.fluring tt-mdrsigndevelo~ncnt
@ase, the LNilclingdvsign t.lkc$~shape,~:oming
ircrcasingly rrrorcdefim>c~dutin? a s:rie~ OC
iterations. Rx formancc analY$;Is i$ nece:;sauy

_during ttlizphse WI ~,erW. .IS:,t~:jisfor n~~e

accuratesizingtit.tk analy:;i!3must tc Nxmt
and sirrrplelrcquirin9 rx~knorL>than akoLItfifkeen
minutesor it w-w’t tm umblr tu ttlc!rlt!signer.
me sccuracymur)tb sacxifiwrl for sped WI
mnveniencc.

At tb rmclusicn of ~?csigndevclo~xuent,thc
design is LcntritivelyaFIMOVI--3md firurlclcsiqn
can tngin. Final plans and r~citicaticnsarc
drawn W. Firm].c-i=iynanaly!;ic can h a ~rt of
this prcccs.~,u-misting of.CII-(,~i.lrdheat 10.IcI
rnlcmlatirns,wlar gain c!;timltcs,and wlar
l~atingprcdictimc. This firxnlprcxxssscrvm
rmt m much to guide the designas to coui”irrnthe
earlierestimates.

me impa_Ldnceof.doing analysisduringdc,sirjn
developr,entis (nyptmsiZIXItr~the p:cxjcessive
@isirg of the prcxm:;:,.lhi~ is wr:cnthe p3ssivc
xwlar 13!KIrxergy Cxnl!;r;rvaticn ~SiZ.CtSlTJJSt!W
intcgrdlxdint.o t!M2rfccign. If Lh~:’rralanaly~is
takesp]a!x?cm]y durjng final r.ksicjn,and Lhen b“
a scimratc]~rty, (.Iwresult:,will not affect
tuilciinggcawtr y and c~ms;tructim interials
which are m critic~;l to effectivepcsive
solar, ?t }xXX5 tinc1lCJI’li’015 chalIenge t.oriwc~Op
design tcmlswhich t,rc~impleand fastand arc
al:a accurdte<ml czw:pret:enf;ive.

The role of simuli~ticaanalysisas a design LCOI
is rrztyQL cl.?arid i:j discussedak the end of
t}r:}x]pmr,

ANALYSIS)W ‘IWED}SIGN DEVEI.DFNENTPHA!31————. .—-.........-. . _....--- ——.—

Beforeany :;(tmtiultivcSDlar analysiscan brxji.11,
it is necessaryto obtain .anwtirri]teof the
building’st.hermid.)cxld,Normally,this is
expressedas (he lwmbcrof 13LLIp2r hour requird
to rrmintmincwfort.on d dcsirjnday and is used
~s a bxiis for nizinq Ixlckup}:eatin~cqui~nent,
A numberrrme cs?xnwwlyusrd in solar analysisis
the heat 10:;scorfficicnk,expressed n-—.-..-------...$. .......



Btu/de9Kee-day(Btu/DD). ‘l%edesignheatingI@d
and !x?atloss COC!fficientare clrselyrelatedand
one an easilybe estimted from the other. The
heat loss coefficientis mrmally in the rangeof
5 to 15 Btu/DDw square feetof flcmrarea. It
is the numberof ~ Btu’s requiredWr ddy
which must be ~t mto tk buildingto maintain
the terrperature an additionalae OF higher,
for example,at 66% insteadof 6K??.

Quick-and-Dirt”Fstimateof Heat mss &efficient

A quick procdur: for estimatingthe heat loss
aaafficientb-s been develo.~. Alttrxqhmt as
aocurate as a Full-blcx+nASMAE design load
alculatitn, it is fast and is mnrensurate with
the accuracyneededand the detail available
duringdesigndevelopment. It is based cn mme
simplesmling laws, for example,that the
buildirqperimetervariesas the auare mot of
the flcorarea.

l%e procedure ansists of addingtogettmrseveral
estimatedcrmtritwticnsof heat loss.

Start with tw inpts:

area = flrmrarea of tmiMing

floorarOa of tmildillq
numberof stoxies = —. .. —-

floorarea of ground floor

l%en, eitherestimatethe mnbined perimeterof
all flcms, or use:

perimeter= 4.24 X@ia

7%en, eitimtiestimatethe rxmbinedarea of all
cast, W’St, and rrxthwimkws, or LJSC:

non-southwidow area = (perimeter)x(cwiling
height)x(non-southwindow fracticm)

where:ncm-smth .05 , minimumwidow
window =
fractirn b .10, ample wiidw.

Next’tcarefullyestimatethe southwirdcw area.

l%en, Cxmpute the foLlcxving:

Walls

.w-,a[~::,)x(,,::,c)-~hw)-(:’”)ilr Ca.- ______________
Iivalue0! wdlls

.

Nan-southWindcx+

(non-southwindow area)Lg n 26 X —--—-.——--..-. ——--
numbexof glazing~

Perimeter(slabm grade)——

F1.ox (overcrawl space).—

Lf =24x-
(area)

(
number of ~

)(
R value

stories of floor )

Ncte: normallyonly cme of ~ or ~ will.
a~ly.

Rcof—...

L =14X (area).—. -—
r (numberof stories)x (R value of roof)

Infiltration:

L
i
= (0.432)x (averageair changesper hour) x

(ceilingheight)x (area)

IWe: ‘Jtiecmfficient 0.432 a@ies at sea
level. At Iliqherelevations,subtract0.013 from
0.432 for coach1000 ft., for example,use 0.302
at 10,000 ft. elcwaticm.

%uth FacirqGlass——____ . -——----

L = (24)x (GlazingArea)
s

l~te: If night insuldticn
slmul.dIX the Lime averageof
rm-.inzula[.edvi~lugs.

. .

x (Av’rage LEvahe)

is WA the U-value
the in,,ulatedand

kkl the qyxopriatw annponeqtsto obtain the
finalestiirat.e,for exwnple:

),~:L 4 1, 4Lr+L+L. +L
w 9 P~~

Iktirnatinf.jAverage‘Ikmpxaturein Gircct Gai~.. ... -—...—
EJiiti16jji-” ‘-—”. . ...

Rx dirm;l qilitljxu,siveSOIW buildingsit is
gmd desif;nprt.ct.iceto size solarcollection
ql.azingto raise the 24-houraveragetemperature
into the cwfort rangeon a clear Januaryday.
If more glazing illanthis is used then the
buildingwill surelyoverheaton clear days. The
totalclc,~r-dayAT is given by:

where the totaldtiilyclear-dayheat gain is the
C@Iined totdldue to solar gains and any
internal heat sourceswithin the building. me
inputdue to :Olilr gains can b estirrmtedfrcm
the ASHRAUclear.-daytableswhich give solar
radiat.icxlthroughsingleglazingfor different
Orientationsand differenttilts.(1) The



foil-ing tablelists transrnissiathroughcbuble
glazingfor southfacingverticaland 60° tilts.

Latittie

Btu/dav- Sq.ft.

Vertial 60’>Tilt

32 1466 1738
36 1457 1663
40 1416 1560
44 1335 1424
48 1207 1249

Note: T%ese valuesaccountfor reflecticmlosses
and me-half of the atmrpticn lcsses (assuming
akorpticn in the innerglazingremainsin the
building.) Adaptedfrom unpublishedtablesby
StevenBaker.

l%e in~t due to internalgeneraticm(dueto
liqhts,pmple, a~liances, etc.) is quite
variablebt for residentialapplicaticw is
rmrmlly about 20000Btu/dayper person livingin
the tmse.

W prowdure is to cstimate the clear day Nr
using the formulagiven above and add this value
to ths averageJanuaryte~rature, as taMlatcd,
for example,in Ref. 2. If this sum lies in the
70’s thm ttw glazingis adequatelysized. If a
higher solar fractim is r?e~iredthen tk glazing
might be increased,but rmt by more than 10 to
15%, understandingthat -Ie overheatingwill.
rxxur cn cleardays.(3)

Estimting Solar@ntribution.—-.—.- — — .

‘1’’tchniqw?sfor estimating331LIL cr.mtributifnarc
basti cn rxxrelaticnsderivedfrommany
hour-trj-houraxrputersimulations. The procedure
is very simpleaud Cast to use, rxmsistingOE LW
bteps.

F . Ompte the bad Cdl ector I&10 (LCR),
n Btu/DD-ftZ,as follu.+s:

heat
10ss /F~clusivt!of \

~cR = coefficientfsouth glcg)—— ——
solarcollectionarea

Note th3t the heat Ices inefficientstiuldbe
witkrxtthe .%uthglazing. Simply subtract1,s
fr:n kt~~total.

step 2. Irmk up t~ solarheatingfracticm
~~tifitefrom tablesgiven in Ref. 4 (forTmrbe
walls and waterwall’”.)or Ref. 5 (fordirect
gain). Fbr mixed systems,averagethe results.

Note that ttm tatrlesin Refs. 4 and 5 are for
referencecl:signshavingadcq~tc ~at ~tora9el
arxla~ly to designswith =uth-facing dwbl.e
glazingwith a therm.tat settingof 650
without ttw effcckOE internalheaf.gcnerat.icn.
~is in romghlyequivalentto a Lhermstat.
settingof 70% if one w?re to take into

accountnormal internalheat generation
associatedwith residentialsituations.

&timating the Rffectof Variationsin fksiqn
Parameters —

The eff=t of changinga designparameter (other
tkn the area of glazing)GM ke assessedby
studyingthe ~blished resultsof txmr-by-hour
alculaticns in w!lichthe variousparametersare
variedcne at a I.ime.~ese are given in Refs. 6
and 7 for severalstoragewall designsald in
Ref. 8 for directgain situations.

ANALYSISIT)R‘llfEUINAL DESIGN PHASE—.

OrKX?the initialdesign has been ompleted a nmre
am-prehensivefinaldesign can be undertaken.
‘l%cnmthly solar load ratiornethcdis a
techniquerlcvelopclat LJX KLMOS which enables
Me designerto dkain ~rformance estimates
based~ly on buildingheat loss coefficientand
nmthly valuesof solar radiationand heating
degreeclays.(4~b) ‘Theremy be other reasons
to use thizmethod insLeadof the KCR tables
describedc<arl.icr,for example:

● ‘IIrelocationis not listed in the tables.

● The collccticmsurface is not due southor
rm vertical.

● It is clesirodtv @redict the mnth-by-nultl]
characterof.the Solar hcatinqi.

Heat.Inss Coefficient—.—— _..—.—-

If a cmrnprohcnsiw,NSIK?AEheatinqload anaJy:;is
h~s been ckme cm Ihc?building (a fairly ]arge job
in itself), then (h~ heat 10S?,cxw[ficimt is
rosilyestimatedas folLo.43:

Heat ~t x (ncsign [[c,ltinq[,uarl),..-—.. — .- —.—. —— -..
LOss

(

inside
)(

Design
Coeffjcicnt Temperature - Temperature)

Alternatively(dndless accurately),the
previouslyclescribeclquick-and-dirtytc<hniqut’
mn b+ UWA to estinutcheat loss ccxfficicnt.

solar bad rfiltic~—-.——

!Itresolar load ratio (SLR),is definedassfollws:

SLR Z,
gflt~-l,solar ra(liationabsorbed---- ..———

monthly huildi~l~d

‘IM nmera{m is obtainedby estimatingthe wlar
radiaticntransmittedthroughthe glazingancl
multiplyingby t.twsola~ abmrptance of tlw s.mce
behind the glazing. The difticultput is to
translatethe SOI.U radiationdata, which are



usuallym~=suredand fatarlatedfor a horizccrtal
su.rfme,to the planeof interestkhich is
usuallyat a quite differentorientation. A
simplecorrelatirmtas &en derivedand pblishd
in Ref. 4, which a~lies to a vertical,
south-facingsurfacewith doubleglazingand a
ground reflectanceof 0.3. Ttrisproblemis wt
unique to passivea.

T
liarticnsand has ken

addre=ed bj Klein(~and Utzinger,(lO)arrong
others.

l?brthe dominator of the SIR, the folla+ingcan
be used:

(~~N~~~fici~l~’~~:da~}(2°

where C65 is a mrrectim for the 65’% base aild
w be estimatedas follrws:

[

daily
heat internal

c65 = 30 x (T~t- 65) x 10SS - heat
Coefficimt generation1

ltrisprovidesa meansof c~timatingthe effects
of a particulartkcrrrxtatr~tting,‘1’SL8and
internal.heat gcrreraticn.

‘l%e*signer stKJuldk mnservdtive in eztirnating
the amxnt of intern~lheat gener~ticn,~rticu-
larly if it representsa ldrge fractim of the
totalheat lQld, twause it will ML all be
u“~ful in offsetti~ the loadcflJeto diffcrcmccs
in timing.

Solar Sav@— ——

‘itefinalstep rxmsisk.zof ciitinkiLir)fj W: :ol,lr
savinrj~hasd cn a crxrclatJcrlc>fLbr fx)ldr
heating fractial(Slk’)as LIiunctiurof Lhr!SLR.
liltt~~hth mnthly s[~i~ii~ v;lryst.atistical]-y
for the mme value of Sfi (asrmlch.I:;?8% for
rncnthlySlfF’sin the rangeof 70-90%),the
rewmdcd prrxedurcis to cstirratcbasedW
averages. Mxlth-tommth v+riaticcrswill tcnrlto
uverageeach ot}wr wt. ,andthe NJ{ will provide,1
gcod estimateof the lcog-termaverage.

The rmrelaticn r.wrvr!sIxwe Lcen tkvelu[tit~~scd
m many hour-by-hoursirnulaticmfor several
loads and many clirr==rles.~Ypcilentif>lfunct.icns
have been ULXX3for ttw arrrelaticns~s follmrs:

snr I=al x SLR <R, SLR _

SWF=02-a3xe
-a4xSLlr

, SLR > R

(SHF~ 1)

where the valutsof irl,a2, a~, ao, and Rwhich
lead to least-squarecrrcms in annual=lar
fracticnare as fol.lcm:

Pessive
feature

~Ga3F

Dir*t Cain

Trrlrtx!Nail

TYrmkeWd.1.

kkterWall

. WaterWall

Night
Insulatio

m

Yes

lb

Yes

?&

Yea

R

t

al

0.1 0.618

0.6 fI.957

0.1 0.452

0.5 0.720

0.8 0.600

0.7 0.764

az
1.010

1.003

1.014

1.007

1.015

1.010

a31a4”

T
1. 71 . zi

1.265 1.647

1.039 0.705

1.3.201.095

1.260 1.070

1.403 1.546

!Ilreprocedureis t.ocalculatethe solar~ains,
therhl lrE3ds,.SI.R’S,and c.rxrespxrding~HE’’s”all
(~ a mthly ha:ji.~.The rrrmthl.ysolarsavingsis:

solar Mwthly t@nthly
Savings= ‘J?rermalx SHF

1md

and the annual.solar savings is axrrp.ltedas the
Sum Of the nmLhly WJ]I ES.

‘itrisprcxwdure~.,sbeen usd as a “
solar analysi:..urin~ l-he}fUDPassi=a?sis”
Design(lrn~titiar(~) and has proven to & w
effsctivrt.od for rxxnp3rativeevaluaticm.
Time will tel.].whether i.tprovides.arracceptable
benchmarkfor rmli:;ticprfcjrnwnceestimat.icm.

MIXED SYSI’FMS—. —-_ .—..

I’@stfxw;jverlesigr~sc.on:;i~t of a mixtureof the
basic approaches. IWw Trrxnhwdlls d~e without,
?~~ ~i Kcy;t q:jir) [.YxilkX)llF:rJt . MO.;t water walls are
SpJ_Cdd-iljkll’( tu!N,:; or olhoI” oxrtdinc?rs whid]
allr.w scmc riircclImdt.it]qklhcrc h~s been CCZn.?
mnfusicm as to lu~ to KM1 with th.!se
lxanbinati(xw;)Iyihe SIJlmethod.

‘I%ereccxrmlc.mdrd]xocdut:c is to ccrnput.ca single
SIR, basedon t)l(, totdl :~liir qain through illl
qldzing divirkl l)y th(: t.oti]l. rmt r.hermr] 10.x:I,
,and then mmfxJ(f.I a weiq!)L@irverarje SIIF, ‘lhis i:;
,Ictcrroirw:l hy rmputinq ir :’)epardte S!JF” for f(lch

d~’si(y a~ym.kdi iud ,Ivpraqinf-jk)tk,em llwrn i)<mccl
on the JW]iltiVC? pr’()~rkionof each rJ]tJZd arp~,

THE ROLE W SJhKJIA’l”l(~N ANAL)YSTS.- —--— ------- . . . . . . . .. . .. .. .

Simulaticmtinalysisrxmsistsof representingthe
physicalsystemhy a set c>fmathematical
equaticmswhichwxmunk for the fl,wuf heat.
betweenv~riouslcxxaticwswithin the systemmd
the storageof heat energyby variousmassive
elements, PassiveSystemshave proven to &
quite awuratcly representedby relatively
!straightforwarrland simplesirnulaticns.
Numericaldiffercncingtechniquesare amrcnly
employed tc ccdve the qxilions conveniently
usingonc-$nurtime stepc in the solution.
lkmperaturchistoriesin test rc+a-m,andother
pmsive solarstructureshave been shown to tx



r---.

very predictable,using relativelyfew eguaticns
to &scribe the @ysical heat flew processes.
wing the mrrplexityof the analysisaad the
number of equaticnsis generallyharrantedmly
to describerrme mmplex sitwtiurs, such as
rnulti-rcomqaxmetries,or to cbtain insightinto
the detailsof temperaturedistri.xtionswithina
space.

~ techniques which have been descri~ in the
first part of this paper are based cm muitiple
year-longsimulationandlysesdone for a variety
of climates.

Given the success of these techniques,the
qtresticnthen becomes: SJmuldsimulation
analysisitselfbe used as a design tcol? ‘here
are severalopticnso.-, each of v.hichhas been
used to ~me extent. Researchgroups and others
with access to iargecxmp-:erfacilitieshave
usd them in the prceesscf designinga few
buildings. Wnile suitablefor this pur.pxe,this
practioecnuld hardly be expsctedto survivein
the designmarketplace, It i; tco expensivein
terms of trothanalysisblent and cm~tcr time.
At tk other end of the sale cweral simple
sirnulatimtechniqueshave been programm for
hand-heldprogranmrablecalculators. ‘Illescare
quite limitedin ter,irsof theirabilityto huldle
either cxrmplexsitmticns or extendedtinw
peri03s. Nat cnly is the cmputing time cxtencld
but the weatherand solar rkka must k’ fed in
manually av the simulation progrexcsr Al t.kwgh
making very eamxmical use of cxquipvmt,the
prorms-sis lalmriousand expensivein term of
prscmel t.irre.It is alsu impracti.dlto
attemptyedr-lcngsimul.aticnsto crk’c+alleno~gy
savingsor even to simulatea Cornpr$:hensivc
varietyof wedthcrpakt.ems.

Between ttwsetko opticns:iretime shining
_tcr Syster=and desk topmicrccexpu?.ucs.
Tme sharing systerm requirea nkxierately
expensiveterminaland involveckurges fo~
tele#ronelinesand oxnputcrtime. ‘I’lieadvmtage
is that~,wrful cxxiesand extensivew+a(tx~r
files can k .xxessed.

lhe alvcnt of inexpensiveclrsk@ minicxm~mt.ers
presents arlotk~ intriguing opticn. I’h(T!;F_(Ilt>

very Pwerful (corqxmedto a kind--held
calculator)and easilyca.pak~leof a very
respKLabie simulation canalysi~. Ccxqxt.lt. icn
time will be ncderaLcly lcng,cwpared to a large
_ter, but quite acceptableto m operator
stw.lyingcne- or bm+eek v.eatkr -per;.cd$.
Year-lcng simulaticms nmy take a rrat.ter of two or
IrKKe hours but car: be left unattended ancl pxhaps
cmly tie cnce px Euiiding *sign as a p.irt 01
the finaldesignanalysis. A Imt of rxdar
gmnetry and other fast routinescat k pxkagd
to providequick informationaccess USUEU1cluriwg
design developrrent.~c whole prcars can km
made simple,interactive,and fun.

The in~t ancloutp.rtof informakicmfrom a
irrinicxxr~lteris a problcm. GCCYJcquipmnt, such
as disks cmd printers,is expensive. ‘rhc

gradlicsca@>ilities of the CICIdisplaysare
very limitc4. Tape recordersare very slow.
Hcwever,Lherearr?many options availableand
prices are ex~txxl to ~ ckwn markedlyeven as
apability increases.

‘J%ekey r~msticmis the follming: Will a rxxmal
design office, such as an architectural or
building engineering firm be able and willingto
supportlxih the rmst of equipmnt and
specialized personnelto do this type of
analysis? ‘~heprobableanswr is—yes,
ultimately. It will be a slow processof
assimilationand l.earning.

‘.Ihepwer of the simulationtechniqueis sa great
and m curpe]ling that it will ultimately be the
preferred approach. Correlationtechniques
cannot be exptcd to cope ariequatelywith the
varietyof.weatherconditionsm,~ design
approachesthat {:.ink encountered. Fur standard
situatirmsrhowever,they are suitableand will
certainlyrxxltinl@to Jx3vide nfx?ded ,and useful.
analysis trml.s.
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